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Abstract 
The development of additive manufacturing has allowed for increased flexibility and complexity of designs over formative and subtractive 
manufacturing. However, a limiting factor of additive manufacturing is the as-built surface quality as well as the difficulty in maintaining an 
acceptable surface roughness in overhanging structures. In order to optimize surface roughness in these structures, samples covering a range of 
overhang angles and process parameters were built in a laser powder bed fusion system. Analysis of the surface roughness was then performed 
to determine a relationship between process parameters, angle of the overhanging surface, and surface roughness. It was found that the analysis 
of surface roughness metrics, such as Rpc, Rsm, and Rc, can indicate a shift between surfaces dominated by partially melted powder particles and 
surfaces dominated by material from the re-solidified melt track. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Additive manufacturing (AM) is a layer by layer process 
that fabricates parts directly from a 3-D digital model. This is 
accomplished by slicing the model into layers to create 2-D 
cross sections that the equipment can use as build instructions. 
Laser Powder Bed Fusion (L-PBF), for example, will fabricate 
a part by spreading a thin layer of powder (20 µm to 100 µm) 
across a build platform and using a high power laser to 
selectively melt regions of that layer. Once the layer is melted, 
the build platform lowers, new powder is spread across the 
build platform, and the process repeats until the build is 
complete. 
A key advantage to AM over formative (e.g., casting) or 
subtractive (e.g., milling) methods is the ability to produce 
highly complex shapes. However, a limiting factor in AM is the 
as-built quality of surfaces. Methods exist to process surfaces 
after a part has been built [1,2] and during the build process 
through laser re-melting [3] and pulse shaping [4], but as the 
complexity of parts increases, the ability to successfully post-
process the surface decreases [5]. As such, the as-built surface 
quality of a part has been cited as a key need for AM [6]. 
The surface roughness of AM parts has been the focus of 
several studies. Mumtaz and Hopkinson performed a full 
factorial analysis of the top and side surface roughness of 
multilayer thin-wall Inconel 625 parts, finding that parameter 
changes that tend to decrease roughness on one surface increase 
it on the other and optimization of the surface roughness 
requires a thorough understanding of how changes in process 
parameters affect different aspects of the part [7]. Strano et al. 
investigated the effect of surface angle on roughness for 
upward-facing surfaces in 316L steel [8]. Diatlov analysed 
parts with a wide range of surface slopes and found potential 
for analysis of the spectrum of the surface profile parameter Ra 
to determine surface characteristics [9]. Jamshidinia and 
Kovacevic found that an increase in heat accumulated during 
the build of thin-walled structures increases the surface 
roughness through an increase in adherence of partially melted 
powder particles to the part surface [10].  
Triantaphyllou et al. investigated the upward- and 
downward-facing surface roughness for varying angles, 
compared results from multiple measurement instruments, and 
found that the Ssk parameter can be used for differentiating 
between upward- and downward-facing surfaces [11]. Aside 
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from this, however, little research has been performed to 
characterize downward-facing surface roughness, which is 
often the highest roughness [12]. Additionally, there is a lack 
of understanding of how and when structures that characterize 
the surface occur and how they affect the measured surface 
roughness parameters.  
There is a wide range of mechanisms that contributes to the 
roughness of an AM surface, including both the process input 
parameters as well as the complex physical processes that occur 
during melting and solidification of the metal powder [13]. 
Understanding of surface characteristics is required in 
determining their effects on fatigue properties and in designing 
parts with improved performance [6]. Additionally, surface 
roughness has the potential to be used as a process signature. A 
strong quantitative understanding of relationships between 
measured surface parameters and the surface characteristic 
causing variation in measurements can determine if defects 
stem from AM system condition and performance or necessary 
maintenance (such as beam focus adjustments).  
The purpose of this research is to understand the relationship 
between surface roughness parameters and the contributing 
surface features as a function of beam power, travel velocity, 
and overhang angle. 
2. Experimental procedure 
Experiments were performed on the EOS M2701 system at 
the National Institute of Standards and Technology (NIST) 
using the commercially available EOS StainlessSteel GP1 
(corresponds to US classification 17-4 [14]). It should be noted 
that the material used for the build was powder reclaimed from 
prior builds using an 80 µm sieve. It is assumed that the 
condition of the powder can have a large effect on the surface 
quality of parts being built and analysis of the powder is 
currently underway. All parts were fabricated during the same 
build. Thus, while the specific details of the powder have not 
yet been determined, the powder conditions are consistent 
across all of the samples.  
The parts were designed as parallelepipeds with varying 
angles of overhang (α) to determine the effect of overhang 
angle on the surface roughness of the downward-facing 
surface. Fig. 1 shows an example model of the parallelepiped 
with a 60˚ angle overhang (α = 60˚). Analysis was performed 
on overhang angles of 30˚, 45˚, 60˚, and 75˚ as measured from 
the build plane. Prior experience has shown that the 30˚ 
overhang would build poorly (or crash the build) if it were built 
without supporting structures.  To avoid this problem, hatched 
supports were added beneath the overhang.  A 1 mm wide strip 
down the centre of the overhanging surface was left 
unsupported to allow measurement of the as-built surface.  
To assess the effect of process parameters on surface 
characteristics, contour parameters with varying beam power 
and travel velocity were chosen in order to cover a wide range 
of the process space. Selection of process parameters can be 
seen in Table 1. 
 
 
1 Certain commercial entities, equipment, or materials may be identified in 
this document in order to describe an experimental procedure or concept 
adequately. Such identification is not intended to imply recommendation or 
  
Fig. 1. Model parallelepiped for surface characterization, where α=60°. 
Dimensions are in millimeters. Build direction is positive z. 
Table 1. Process parameters for experiments. 
Line Energy - 
P/v (J/m) 
Power (W) Velocity 
(mm/s) 
Contour 
Number 
13.3 40 3000 1 
35.7 25 700 2 
46.7 140 3000 3 
57.1 40 700 4 
65 195 3000 5 
71.4 25 350 6 
114.3 40 350 7 
116.4 195 1675 8 
278.6 195 700 9 
 
For each contour parameter set, parallelepipeds for each 
angle were built creating a total of 36 samples. To minimize the 
effect of incident angle of the laser beam and positional 
dependency on the build platform [15], all samples were 
positioned equidistant from the center of the build platform 
with the down-facing surface forming a straight line to the 
center of the beam source.  
3. Analysis methods 
Surface characterization was performed using a white light 
interferometer, described in detail in [16], and 10x objective 
lens. Using white light interferometry to analyze a very rough 
surface is a challenge due to difficulty in achieving null fringe 
condition (perfect leveling of the sample surface being 
measured). Because of this, a diamond-turned aluminum disk 
was first used to level the sample platform prior to any 
measurements. Thus, leveling the surface was performed as 
best as possible assuming that the surface being measured and 
the surface laying on the platform are parallel. This leveling 
procedure was performed before each measurement session to 
maintain a consistent leveling for each sample and prevent 
deviations due to errors caused by the leveling of the samples.  
To create a large enough measurement of the sample surface 
to properly perform digital Gaussian filtering based on the ISO 
4287 standard [17], nine images with 20 percent overlap were 
taken vertically down the downward-facing surface (in the 
build direction) and stitched together to create an 
endorsement by the National Institute of Standards and Technology, nor is it 
intended to imply that the entities, materials, or equipment are necessarily the 
best available for the purpose. 
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approximately 8 mm long measurement. The values presented 
used a bandpass digital Gaussian filter with a short cut-off 
length of 25 µm and a long cut-off length of 0.8 mm.  The 
filtering process results in an evaluation length equal to five 
long cut-off lengths, or 4 mm. These filters are defined by ISO 
4287 and represent a common practice in AM surface 
roughness research [18]. 
Scanning electron microscope (SEM) images were also 
taken for qualitative analysis of select surfaces. 
4. Results 
4.1. Qualitative Analysis 
SEM images for two of the α = 60˚ samples can be seen in 
Fig. 2. Fig. 2a) shows the downward-facing surface of the 
sample built with contour parameter set 4 and Fig. 2b) shows 
the downward-facing surface of the sample built with contour 
parameter set 9. From these images there is a clear difference 
in the structures that characterize the surface. In Fig. 2a) the 
surface is dominated by the adherence of partially melted 
powder particles, between which the solidified material of the 
part can be seen. In Fig. 2b) the adherence of partially melted 
powder particles is less prevalent and more of the solidified 
material of the part can be seen.  
Material that has been deformed by the recoater blade (the 
mechanism for spreading powder across the build area) can be 
seen in Fig. 2b). The increased power that is being used for 
contour parameter set 9 could be creating several factors that 
result in the part impacting the recoater blade. Residual stress 
can cause the part to warp into the path of the recoater blade. 
An increase in the height of consolidated material, as seen by 
Yasa et al. [19] and Yadroitsev and Smurov [20], can be above 
the height of the new layer. Additionally, impact with the 
recoater blade could be caused by a combination of these two 
(or other) factors.  
The challenge is to determine surface parameters that can 
discern these varying features. 
4.2. Quantitative Analysis 
Analysis of Ra values can be seen in Fig. 3, which shows a 
clear dependence of surface angle on Ra. As α decreases, the 
value of Ra increases, which is expected and consistent with 
previous results [11]. However, it is also expected that the 
parametric analysis presented in this research would contain a 
relationship to Ra and a clear connection has not yet emerged. 
The results seen in Fig. 3 show that there is not a clear 
dependency on process parameters. Although not presented, 
this was also true of Rq, Rz, Rt, Rp, RΔq, and Rsk. Additional 
qualitative analysis to determine specific surface features 
caused by changes in process parameters is required to 
determine a relationship between process parameters and 
roughness parameters. 
While the increase in Ra with decreasing α is an expected 
result, Ra does not yet provide a quantitative understanding of 
the specific surface characteristics seen in the qualitative 
analysis. One characteristic, however, can be seen in the 
analysis of Rpc, RSm, and Rc (peak count, mean width of 
profile elements, and mean height of profile elements, 
respectively). Seen in Fig. 4, as α decreases, Rpc decreases 
while RSm and Rc increase, suggesting that the number of 
peaks decrease but their overall size increases. Based on this 
result and the qualitative analysis of the surfaces, these changes 
are indicative of a shift between surfaces dominated by 
partially melted powder particles (seen at higher values of α or 
lower powers) and surfaces dominated by material from the re-
solidified melt track (seen at lower values of α or higher 
powers). This result can also be seen in the SEM images 
presented in Fig. 2 and the respective values of Rpc, RSm, and 
Rc. 
 
 
Fig. 2. SEM images of the downward-facing surface of the α=60˚samples 
built with a) contour parameter set 4 and b) contour parameter set 9. 
 
Fig. 3. Ra vs α for each contour parameter set.  
a) 
b) 
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Fig. 4 Rpc (top), RSm (middle), and Rc (bottom) vs. α for each contour 
parameter set. 
5. Conclusions 
Analysis of the effect of beam power, beam velocity, and 
overhang angle has been presented to further the understanding 
of the relationship between individual surface characteristics 
and surface roughness parameters. It was found that the 
analysis of Rpc, RSm, and Rc can indicate a shift between 
surfaces dominated by partially melted powder particles (seen 
at higher values of α or lower powers) and surfaces dominated 
by material from the re-solidified melt track (seen at lower 
values of α or higher powers).  
Analysis of process parameters on Ra did not show a distinct 
correlation, however, and it is suggested that further qualitative 
analysis of the individual features contributing to surface 
roughness will help these correlations emerge and will be the 
focus of future work. 
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